Quantum-chemical calculations using density functional theory were carried out to investigate the mechanism of the oxidative cyclization of 1,5-and 1,6-dienes with ruthenium tetroxide. Current experimental results show different selectivities for the formation of tetrahydrofuran and tetrahydropyran derivatives. Our theoretical data correctly reproduce the experimental selectivities. Transition structures for the first [3+2]-cycloaddition of RuO 4 with ethene and for the second [3+2]-cycloaddition with two ethene molecules, 1,5-hexadiene, and 1,6-heptadiene were calculated. For the formation of tetrahydrofuran and tetrahydropyran derivatives we observed two reaction pathways. The transition structure for the formation of cis-tetrahydrofuran derivatives was found to be more stable than the trans-tetrahydrofuran-forming transition structure by about 40 kJ mol −1 . By comparison to the reaction with two ethene molecules it was shown that the linking alkyl chain causes the energy gap between stereoisomers by a directing influence. In the tetrahydropyran reaction the transtetrahydropyran-forming transition structure was less than 4 kJ mol −1 more stable than the transition structure leading to the cis-tetrahydropyran. The obtained geometries showed that for tetrahydropyrans the energy gap between stereoisomers is not caused by the linking alkyl chain.
Introduction
The direct oxidative diene cyclization has been known for some time [1] . Recently applications in total synthesis of natural products have been reported [2 -8] . Especially Annonaceous acetogenins containing tetrahydrofuran (THF) and tetrahydropyran (THP) rings like membrarollin [9] are of special interest because of their antitumor activity [10] . A similar nitrogen-containing structural motif [11 -13] appears in ligands for supermolecular chemistry synthesized by Saalfrank and co-workers [14, 15] , see Fig. 1 . The oxidative cyclization paves the way for simple diastereoselective synthesis of the oxygen analogous ligands for supermolecular chemistry.
In the oxidative cyclization as in cis-dihydroxylations the first step is a [3+2]-cycloaddition of MnO 4 was published by Hazura in 1888 [16] . He reported the oxidation of several unsaturated fatty acids by alkaline potassium per-0932-0776 / 10 / 0300-0367 $ 06.00 c 2010 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com manganate solutions leading to dihydroxy fatty acids. Later a similar reaction with osmium tetroxide was observed. In 1912 Hofmann showed the catalytic effect of OsO 4 in the presence of co-oxidants like chlorates [17 -19] . X-Ray crystal structures of several oxoosmium esters [20 -22] and quantum chemical calculations [23 -25] confirmed the proposed [3+2]-cycloaddition mechanism. Hydrolysis of these esters leads to cis-diols, the experimentally observed products. In 1953 Djerassi found the same reaction to occur with ruthenium tetroxide instead of OsO 4 or [26 -28] . Several detailed reviews of selectivities, reactivities, and applications of OsO 4 , MnO − 4 , and RuO 4 in cisdihydroxylations have been published [29 -32] .
Surprisingly, application of cis-dihydroxylation conditions to 1,5-and 1,6-dienes often led to cyclic ethers instead of the expected tetroles (Fig. 2) . In 1895 the first oxidative cyclization was carried out by Tiemann and Semmler during structural investigations of geraniol and linalool with potassium permanganate. Unfortunately, it was impossible to isolate and identify the reaction products at the time [33] . Almost three decades later an envisaged double dihydroxylation of geranyl acetate led to the planned tetrole less one molecule of water, and an oxygen heterocycle was proposed by Kötz and Steche [34] . The product was identified as cis-dihydroxylinalool oxide by Klein and Rojahn [35] . They proposed a second ring closing [3+2]-cycloaddition (Fig. 2) . The same product was formed with the use of RuO 4 [36] . Several experimental results support the mechanism of a second, ring closing [3+2]-cycloaddition [35 -40] , especially reactions with 2 H-labeled 1,5-hexadienes by Baldwin et al. [39] . The mechanism of the interaction between MnO − 4 and trans-trans-2,6-octadiene was calculated in 2007 [41] .
Generally, it is noteworthy that reactions with 1,5-dienes yield cis-THF derivatives, while oxidative cyclization of 1,6-dienes produces trans-THP derivatives. High diastereoselectivities were obsered with both substrate classes using RuO 4 , and optimized procedures have been developed yielding a broad range of cis-THF and trans-THP derivatives [42 -45] .
In order to gain a deeper understanding of the reaction mechanism and the origin of the stereoselectivity, we investigated the transition structures for the ring closing reaction, highlighted in Fig. 2 .
After a short section introducing the employed theoretical methods we present the results of our investigation. We first show the initial step in the oxidative cyclization reaction: the [3+2]-cycloaddition of RuO 4 to a carbon-carbon double bond. Next, we compare the intermediates followed by a discussion of the second reaction step, see Fig. 2 , which is responsible for the observed stereoselectivity. Finally, we give a short summary of our results.
Computational Details
The program package TURBOMOLE 5.10 [46] was used to optimize all structures reported in this paper. We used the BP86 [47, 48] functional where the RI approximation can be employed [49 -51] . Furthermore, calculations employing the B3LYP functional are shown [48, 52, 53] . All calculations were carried out with the def2-TZVPP [54] basis set which includes a relativistic electron core potential for ruthenium [55] , and the convergency criterion was increased to 10 −8 Hartree. For frequency calculations SNF 4.0 was chosen [56] .
The investigation of the intermediates shows that the low-spin state is preferred compared to the high-spin state for the BP86 as well as the B3LYP functional (see Supporting Information). B3LYP underestimates the stability of the low-spin state due to a too large amount of exact Hartree Fock exchange (see the excellent works of Reiher et al. [57, 58] ). Therefore, only the low-spin state must be considered which is presented in this work. Results for the high-spin state are included in the Supporting Information.
Results and Discussion
Besides the oxidative cyclization of 1,5-and 1,6-dienes to THF and THP derivatives, respectively, we selected simpler model systems 0, 1, and 2 (see Fig. 2 ), because there we are able to distinguish between different contributions leading to the observed selectivities. Model system 0 consists of RuO 4 and one ethene molecule and is investigated to gain structural and energetic informations about the first [3+2]-cycloaddition. Model system 1 is the product of RuO 4 and propene and gives conformational insights into substituted oxoruthenium(VI) esters, because the methyl group is the pendant to the larger alkyl chains in the THF and THP reactions and should behave in a similar way as the alkyl chains do. The reaction of another ethene molecule with 0 pr is the model system 2 which represents the crucial step, the second [3+2]-cycloaddition. System 2 is free of a linking alkyl chain and therefore, the directing influence of this part on the reaction can be excluded. Comparing structural details of 2 TS with THF TS /THP TS allows us to determine the role of the alkyl chain on the selectivity of the oxidative cyclization. For a better overview all results are listed in Tables 1 and 2 .
[3+2]-Cycloaddition of RuO 4 to carbon-carbon double bonds
The first step in oxidative cyclizations is a [3+2]-cycloaddtion of RuO 4 to a carbon-carbon double bond Fig. 3a for 0 TS and in Fig. 5a for all other structures). Table 2 ). The energy barrier was found to be ∆G BP86 = 65.9 kJ mol −1 / ∆G B3LYP = 73.6 kJ mol −1 , significantly below the lowest energy barrier for the second reaction step from 0 pr to 2 pr of about 90 kJ mol −1 (Fig. 2) . Therefore, the second reaction step is rate-determining. The first [3+2]-addition is highly exergonic (∆G BP86 = −53.5, ∆G B3LPY = −115.0 kJ mol −1 ), in contrast to the subsequent ring closing reaction.
Anti-gauche equilibrium of intermediates
[3+2]-Cycloaddition of RuO 4 to propene leads to 4-methyl-2,2-dioxo-2,1,3-ruthena(VI)dioxolane 1 (Figs. 2 and 4) . We found that 1 and the esters formed with longer side chains exist in two conformations, an anti-and a gauche-conformer (Fig. 4) . Our BP86 calculations predict that the anti-conformer is more stable than the gauche-conformer for all structures 1, THF re , and THP re ( Table 1 ). The B3LYP functional predicts the same for 1. For the THF re and THP re structures, the B3LYP functional predicts the gauche-conformer to be more stable in contrast to 1 ( Table 1) . However, the energy gap between the two possible conformers is very small, and therefore the prediction of the most stable conformer is very sensitive to errors of the employed approaches. The enthalpy G depends on the entropy whose vibrational contribution S vib is given by
According to Eq. 1 (R = molar gas constant, k = Boltzmann constant, T = temperature, h = Planck constant, and ν i = vibrational frequencies), the maximum contribution to the entropy comes from vibrations with small frequencies. If a frequency ν i is very small and even tends to zero, then the fraction in Eq. 1 tends to one. Despite the fraction the logarithmic part in Eq. 1 tends to plus infinity when a frequency ν i tends to zero. Therefore the absolute slope of the vibrational contributions S vib (ν i ) as a function of the frequency ν i is very high for small frequencies and is even arbitrarily high for an arbitrarily small ν i . Previous investigations by Reiher and co-workers have shown that the calculated values of frequencies with small wavenumbers are inaccurate to predict the spin-flip temperature of transition metal complexes [59] . Because of the large slope in S vib (ν i ) for small frequencies ν i , small deviations of calculated from experimental frequencies result in huge errors which can be as large as the energy gap between both conformers. Therefore, the assignment of the most stable conformer including S vib should be treated with care.
Nevertheless, the energy barrier between both conformations is very small (Table 1) . Therefore, the antigauche equilibrium of the intermediates should not substantially affect the reaction rates of the second reaction step.
Oxidative cyclization mechanism
Four reaction pathways are possible, due to two possible conformations in the intermediates (anti-and gauche-X re ) and two product configurations (cis-and trans-X pr ) (Fig. 2) . Our investigations have revealed that only two pathways per reaction are reasonable. These are the anti-trans-(at) and the gauche-cisreaction path (gc). The at-and gc-X TS structures are highlighted in Fig. 2 . The two other possible reaction paths either have a much higher energy barrier or lead directly via the anti-gauche equilibrium barrier, i. e. constructing a gauche-trans-THF transition structure gave an enormous distortion in the alkyl chain and an energy barrier of more than 40 kJ mol −1 higher than for the corresponding anti-trans-THF transition structure at-THF TS . Furthermore, the construction of an anti-cis-THF transition structure resulted in a structure which has a torsion angle close to the anti-gauchetransition torsion angle of 1 TS (Fig. 4b) . The structure has two negative frequencies, the smaller corresponding to the anti-gauche-transition.
The conformational differences can be gathered from Figs. 6 and 7, and especially from Fig. 4 . For a better understanding, Newman projections of the THF transition states at-and gc-THF TS are given in Fig. 6b .
Model structure 2 without a linking alkyl chain
The transition state of a simplified reaction without the connecting alkyl chain is shown in Fig. 5a . The definitions of the bond length d 1 and d 2 are also given in Fig. 5a and will be kept throughout the article. The bond lengths in 2 TS are 174 pm (d 1 ) and 205 pm (d 2 ) for BP86. Slightly larger lengths are obtained by the B3LYP calculations (second line Table 2 ). Structure 2 TS represents the transition state free of the directing influence of a linking alkyl chain. The other transition states THF TS and THP TS including the linking alkyl chain are compared to this structure and its distances d 1 and d 2 to gain informations about the influence of the alkyl chain. The corresponding potential energy surface leading to 2 TS illustrates that only one transition state can be found (Fig. 5b) . All distances of the THF and THP transition states are included to demonstrate the scale of deviation in the bond lengths d 1 and d 2 .
THF transition structures: THF TS
The transition states for the second reaction step in the oxidative cyclization of 1,5-hexadiene are shown in gies for gc-THF TS and at-THF TS are summarized in Tables 1 and 2 The linking alkyl chain causes the distortions and hence selects gc-THF TS as the preferred pathway. gc-THF TS leads to the formation of the cis-product in agreement with experimental data (Fig. 2) . Therefore, we can conclude that in case of the reaction of 1,5-dienes with RuO 4 cis-selectivity is caused by the directing influence of the linking alkyl chain, destabilizing the transition state of the pathway to the transproduct.
The reaction profile with the ∆G B3LYP energies of all reactants, transition states, and products is shown in Fig. 8a . It summarizes the two reaction pathways via the anti-trans-and gauche-cis-transition structure. At first the anti-gauche-equilibrium is shown, and the transition energy for the conformational change is taken from the 1 TS structure. Furthermore, the energy barrier for the second [3+2]-cycloaddition is given for both pathways. The large energy gap demonstrates the selectivity between these two transition states. The product energies are very different with the thermodynamically more stable product being preferred. The very last step, the hydrolysis of THF pr (and THP pr ), was not calculated and is therefore omitted because the stereochemistry of the products is completely determined by the transition states and remains untouched during hydrolysis.
THP transition structures: THP TS
The transition states at-THP TS and gc-THP TS are shown in Fig. 7 . Deviations of the bond lenght d 1 (a) gc-THP TS .
(b) at-THP TS . The reaction profile is shown in Fig. 8b . It is similar to the THF reaction profile in Fig. 8a , but demonstrates the smaller energy gap between the two transition states as compared to the THF-system. Because the thermodynamically less stable trans-product is formed, it can be concluded that the reaction is not thermodynamically controlled. However, the energy gap we found is too small for a significant stereoselectivity.
Conclusion
We calculated the transition states for the oxidative cyclization of 1,5-hexadiene and 1,6-heptadiene with RuO 4 and compared the structures of the models with the simpler model systems 0, 1 and 2 consisting of RuO 4 and one ethene molecule, one propene molecule and two ethene molecules, respectively.
Our calculations showed that the mechanism proposed on the basis of the experiment and the calculated mechanism coincide with respect to the experimental cis-selectivity in case of THF derivative formation. The energy gap in the THP transition structures is too small for a significant assignment of trans-selectivity.
We found that the first [3+2]-cycloaddition leads to cyclic oxoruthenium esters coexisting in an anti-and a gauche-conformation. The energy barrier for interconversion of these conformers was calculated for a simpler model system 1 to be less than 14 kJ mol −1 .
For the second [3+2]-cycloaddition we investigated a model system 2 without a linking alkyl chain. Two pathways from the anti-reactants leading to the transproducts (at-transition structure) and from gauchereactants to cis-product (gc-transition structure) were detected. For the THF reaction we observed that the gctransition structure is more stable than the at-transition structure by more than 39 kJ mol −1 . Therefore, the experimentally found cis-selectivity for the THF formation is due to the more stable gc-transition structure as well as a more stable cis product. For the THP formation both transition structures are similar. and the attransition structure is only 3 -4 kJ mol −1 more stable than the gc-structure.
The comparison of the THF and THP transition structures to our model system 2 lead to the conclusion that in the THF reaction the large energy gap between the at-and gc-structure is due to the directing influence of the linking alkyl chain. In the THP reaction the alkyl chain has no significant influence on the transition structures and the energy gap. We noticed that the small energy gap in the THP transition structures is close to the energy gap between the anti-and gauche-reactant conformers, and that in both cases the anti-conformer is more stable.
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For 2 TS2 and 2 pr we performed high-spin B3LYP optimizations and found that the corresponding low-spin B3LYP geometries are more stable. Because B3LYP overestimates the stability of high-spin states the low-spin reaction pathway is favoured.
In the following subsections we present the energies and structures for the high-spin states.
A.1 Model system 2
In the high-spin state 2 we found two transition states and an intermediate, see 
A.3 High-spin THF transition structures
For the THF transition states we found similar structures compared to the low-spin, see 
A.4 High-spin THP transition structures
In the THP high-spin reaction we found three transition structures similar to the low-spin structures and an intermediate, see BP86 low-spin BP86 high-spin B3LYP low-spin 
